Transgenic crops containing the bacterium Bacillus thuringiensis (Bt) genes reduce pests and insecticide usage, promote biocontrol services, and economically benefit growers. Area-wide Bt adoption suppresses pests regionally, with declines expanding beyond the planted Bt crops into other non-Bt crop fields. However, the offsite benefits to growers of other crops from such regional suppression remain uncertain. With data spanning 1976-2016, we demonstrate that vegetable growers benefit via decreased crop damage and insecticide applications in relation to pest suppression in the Mid-Atlantic United States. We provide evidence for the regional suppression of Ostrinia nubilalis (Hübner), European corn borer, and Helicoverpa zea (Boddie), corn earworm, populations in association with widespread Bt maize adoption and decreased economic levels for injury in vegetable crops [peppers (Capsicum annuum L.), green beans (Phaseolus vulgaris L.), and sweet corn (Zea mays L., convar. saccharata)] compared with the pre-Bt period (1976)(1977)(1978)(1979)(1980)(1981)(1982)(1983)(1984)(1985)(1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995). Moth populations of both species significantly declined in association with widespread Bt maize (field corn) adoption, even as increased temperatures buffered the population reduction. We show marked decreases in the number of recommended insecticidal applications, insecticides applied, and O. nubilalis damage in vegetable crops in association with widespread Bt maize adoption. These offsite benefits to vegetable growers in the agricultural landscape have not been previously documented, and the positive impacts identified here expand on the reported ecological effects of Bt adoption. Our results also underscore the need to account for offsite economic benefits of pest suppression, in addition to the direct economic benefits of Bt crops.
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agricultural biotechnology | pest management | ecological effects | regional pest suppression | offsite benefits T ransgenic crops containing the bacterium Bacillus thuringiensis (Bt) genes that express insecticidal proteins are a major pestmanagement tool. Worldwide Bt crop plantings in 2016 reached 98.5 million hectares (ha), from 1.1 million ha in 1996, primarily as Bt maize (Zea mays L.; corn), cotton (Gossypium sp. L.), and soybean [Glycine max (L.) Merr.] (1). The extensive adoption of Bt crops over the past two decades has enabled control of many economically important insect pests globally (2-6), even as a rise in insect resistance to Bt proteins threatens its sustainability (1, 7) . Pest suppression from Bt crop adoption reduces insecticide usage, promotes biocontrol services, and delivers economic benefits (4, (8) (9) (10) (11) (12) (13) .
The regional pest suppression from area-wide Bt adoption is now well documented, with target pest declines expanding beyond the planted Bt crops into other non-Bt crop fields (2-5, 14, 15) . The regional adoption of Bt corn and cotton suppresses pest populations in non-Bt corn and cotton fields in the region. For instance, non-Bt field corn growers in the Midwestern United States benefitted economically from regional suppression of European corn borer, Ostrinia nubilalis (Hübner), through areawide Bt field corn adoption (4) . Similarly, adoption of Bt cotton in China suppressed pink bollworm [Pectinophora gossypiella (Saunders)] and cotton bollworm [Helicoverpa armigera (Hübner)] populations in non-Bt cotton (3, 5) . In addition, Bt cotton adoption also suppressed cotton bollworm larval density in other host crops (3). Such regional pest suppression through Bt adoption could also benefit traditional and organic farmers growing other crops through reduced crop damage and insecticide usage (3, 4, 12) . However, such benefits to growers of other crops remain unexamined and uncertain, particularly in terms of long-term, regional pest dynamics in relation to Bt adoption. We tested the hypothesis that regional pest suppression through Bt adoption benefits non-Bt growers through reduced crop damage and insecticide applications.
With data spanning four decades and across the Mid-Atlantic US region, we analyzed trends in O. nubilalis and corn earworm, Helicoverpa zea (Boddie), activity before (1976-1995; pre-Bt) and since (1996-2016) Bt corn introduction and examined potential benefits to vegetable growers through reduced crop damage and recommended insecticide applications. Vegetable crops in the Mid-Atlantic United States represent an ideal cropping system to examine the benefits of regional pest suppression from Bt adoption. Both O. nubilalis and H. zea have broad feeding and migratory behaviors as economically important pests on many agricultural commodities (16, 17) . O. nubilalis Significance Area-wide Bacillus thuringiensis (Bt) adoption suppresses pests regionally, with declines expanding beyond the planted Bt crops into other non-Bt crop fields. The offsite benefits to vegetable crops from such pest suppression have not been documented. We show that widespread Bt field corn adoption is strongly associated with marked decreases in the number of recommended insecticidal applications, insecticides applied, and damage to vegetable crops in the United States. These positive impacts to growers, including organic producers, in the agricultural landscape expands on known ecological effects of Bt adoption.
is a major pest of green beans (Phaseolus vulgaris L.) and peppers (Capsicum annuum L.), and both insects are major pests of sweet corn (Z. mays L., convar. saccharata) (18) . With New Jersey as a key pepper-producing state in the United States, these vegetable crops are economically important components of the 3,816 farms in New Jersey, Maryland, Delaware, and Virginia (19) . In 2016, the three vegetable crops generated $75 million in farm cash receipts on these farms (20) . With about one-half of the sweet corn, pepper, and green bean acreage contracted for processing, the six processing companies operating in the Mid-Atlantic region depend on these vegetable crops.
Historically, insecticides have been used extensively on these three crops to control O. nubilalis (16, 21, 22) . Most plantings of sweet corn receive at least one insecticide application to control whorl/tassel infestations of O. nubilalis and multiple applications during silking for ear-invading insects including H. zea. O. nubilalis has been the most serious pest of peppers and green beans in the Mid-Atlantic region, where crops received three to six insecticide applications to ensure marketable quality as larval feeding within the pod or fruit causes both yield loss and contamination problems in the processed product (18, 21) . Direct field sampling for larvae or egg masses of O. nubilalis or H. zea is not practical for peppers and green beans because of the low damage tolerance level. Recommended insecticide treatment schedules for O. nubilalis control on these crops are made primarily based on blacklight trap counts of adult moths (18, (23) (24) (25) . Existing reports identify the decline of O. nubilalis and H. zea populations in the Mid-Atlantic region in relation to widespread Bt corn adoption (26) (27) (28) . This may benefit vegetable growers, as field corn is the primary source of O. nubilalis that invade Mid-Atlantic vegetable crops. Hence, the regional suppression of moth populations from Bt corn (field corn) adoption could benefit vegetable growers through both reductions in damage and required insecticide applications.
We examined the regional suppressive effects of Bt field corn adoption on O. nubilalis and H. zea populations and quantified the reduction in damage and potential reduction in insecticide use in sweet corn, peppers, and green beans due to this suppression. We monitored trends in O. nubilalis and H. zea activity during 1976-2016 through a regional network of blacklight traps in three states, covering 58,600 km 2 and 10 agricultural crop-reporting districts (CRDs) (https://www.nass.usda.gov/Charts_and_Maps/Crops_County/ boundary_maps/indexgif.php) in the Mid-Atlantic United States (SI Appendix, Fig. S1 and Table S1 ). We compared the trends in O. nubilalis and H. zea captures, reduction in pest damage, and recommended insecticide applications in the three vegetable crops before commercial introduction of Bt corn (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) with years of Bt corn adoption . We then quantified the role of Bt adoption by analyzing these trends as a function of Bt corn adoption both nationally and by individual CRD. We also analyzed the trends in insecticides applied in peppers and sweet corn in New Jersey during 1992-2016 as a function of national Bt corn adoption.
Mean nightly captures of O. nubilalis and H. zea declined significantly over the past 21 y, since the introduction of Bt corn. Piecewise linear mixed-model slopes, indicating change in moths trapped per year, were significantly negative during 1996-2016 (P < 0.0001), but did not differ significantly from zero during 1976-1995 ( Fig. 1 A and B and SI Appendix, Table S2 ). O. nubilalis and H. zea captures, respectively, decreased from mean nightly moth captures of 6.8 and 7.5 during 1976-1995 to each 1.9 nightly moth captures during 1996-2016, a net decline of 72% and 75% (raw data means). Additive effects of Bt adoption and environmental factors, temperature and precipitation, were significantly associated with nightly moth captures over the past two decades (SI Appendix, Statistical Analyses). Moth captures decreased significantly as a function of national average Bt corn (percent) and Bt corn (percent) in CRDs (P < 0.0001) ( Fig. 1 C-F and SI Appendix, Table S2 ).
Conversely, O. nubilalis and H. zea captures increased as a function of temperature (SI Appendix, Fig. S2 A and B and Table  S2 ). O. nubilalis captures also decreased significantly as a function of precipitation (SI Appendix, Fig. S2C and Table S2 ), albeit with a weaker strength of association than Bt adoption. The adoption of Bt corn contributed more to the reduced O. nubilalis captures during 1996-2016 (proportion of variance explained R . These results indicate that the regional suppression of both moth pests is strongly associated with widespread Bt field corn adoption in the Mid-Atlantic United States, after accounting for the effects of the environmental factors.
We used the time-series data on moth captures within years for each CRD to estimate the potential impact of O. nubilalis population declines on recommended control actions in green beans, peppers, and sweet corn. We analyzed the trend in number of recommended insecticidal sprays per crop cycle, calculated based on running 5-d totals of moth captures and action thresholds for determining the need and scheduling of insecticide applications for O. nubilalis control on these crops in the Mid-Atlantic region (18, 22, 23, 25, 29) (Materials and Methods). Results showed that, concomitant with regional moth suppression, the number of recommended insecticidal sprays per crop cycle in each vegetable has declined since Bt corn introduction. For O. nubilalis, piecewise linear mixed-effect models showed that the trend in number of insecticide sprays per crop cycle in peppers, green beans, and sweet corn was significantly negative during 1996-2016 (P < 0.0001), but did not differ significantly from zero during 1976-1995 (P > 0.05) (Fig. 2 A-C and SI Appendix, Table S3 ). For H. zea control in sweet corn, the trend in the number of insecticide sprays per crop cycle reversed from significantly positive during 1976-1995 to significantly negative during 1996-2016 (P < 0.0001) (Fig. 2C and SI Appendix, Table S2 ). The number of recommended insecticide sprays to control O. nubilalis in peppers, green beans, and sweet corn, and H. zea in sweet corn, significantly decreased as a function of national average Bt corn (percent) and Bt corn (percent) in CRDs (P < 0.0001) (Fig. 2 D-I and SI Appendix, Table S3 ) based on linear mixed-model results.
We collated long-term data on O. nubilalis damage in untreated sweet corn and peppers from insecticide efficacy trials in the Mid-Atlantic region (New Jersey, Pennsylvania, Delaware, Maryland, and Virginia), including existing published reports (Materials and Methods). O. nubilalis damage in control plots of vegetables was reduced, in tandem with insecticide usage, since the introduction of Bt corn. ANOVA-based comparisons of damage levels pre-Bt corn and since Bt corn introduction showed that mean O. nubilalis damage in control plots of peppers declined significantly from 35% during 1980-1995 to 8% since Bt introduction in 1996, a 78% decrease (F 1, 104 = 25.7, P < 0.0001, r 2 = 0.20) (Fig. 3A) . Similarly, mean sweet corn ear damage by O. nubilalis significantly declined from 50% during 1984-1995 to 15% since Bt corn introduction, a 70% decrease (F 1, 152 = 31.3, P < 0.0001, r 2 = 0.17) (Fig. 3B) . O. nubilalis damage declined significantly as a function of national average Bt corn (percent) in both peppers (y = 7.30 − 0.09x, F 1, 78 = 121, P < 0.0001, r 2 = 0.61) and sweet corn (y = 6.78 − 0.07x, F 1, 133 = 97.6, P < 0.0001, r 2 = 0.42) (Fig. 3C) . These results identify and substantiate the decrease in O. nubilalis damage in vegetables coinciding with area-wide deployment of Bt corn.
Farmer-reported usage of insecticides in vegetable crops confirmed the decline in total insecticides applied over the past 25 y. In New Jersey, insecticides (total active ingredient) applied in sweet corn declined from 2.64 kg/ha in 1992 to 0.55 kg/ha in 2016, a 79% decrease. In New Jersey peppers, insecticides applied declined from 4.92 kg/ha in 1992 to 0.75 kg/ha in 2016, an 85% decrease. Insecticide usage in peppers significantly declined as a function of national Bt corn (percent) (y = 4.19 − 0.04x, F 1, 7 = 51.6, P < 0.001, r 2 = 0.88; Fig. 3D ), while in sweet corn, the negative association was marginally significant (y = 2.01 − 0.02x, F 1, 9 = 4.8, P = 0.056, r 2 = 0.35) (Fig. 3D) based on linear regression.
These results indicate that regional suppression in association with widespread Bt corn adoption may have reduced insecticide usage in vegetable crops. Through long-term, large-scale analysis, we provide evidence that the regional suppression of both O. nubilalis and H. zea populations in the Mid-Atlantic region is strongly associated with the area-wide adoption of Bt field corn. Environmental factors and natural enemies also affect the population dynamics of these pest species (27, (30) (31) (32) . Our results indicate that, after accounting for the environmental factors and their quantified relative influence, the declines in moth populations were strongly related to area-wide Bt field corn adoption, even as increasing temperatures buffered population reduction, consistent with previous reports (3, 27) . For O. nubilalis, high larval mortality resulted from the high dose of Bt protein expression and the inability of the female to distinguish between Bt and non-Bt corn of similar planting dates for oviposition (4, 33) . Thereby, as previous reports identify, Bt crops acted as effective trap crops that induced very high larval mortality, resulting in regional suppression through cumulative years of Bt adoption (3, 4) . These results are consistent with previous reports on regional pest suppression (2-6) through Bt adoption in other regions, as well as in the Mid-Atlantic United States (26) (27) (28) .
An important finding of our study is that the observed regional pest suppression in association with widespread Bt adoption benefits Mid-Atlantic vegetable growers through reduced crop damage and insecticide usage. These offsite benefits to other crops in the agricultural landscape have not been documented previously, so these results expand on the reported ecological effects of regional Bt adoption, including pest suppression in non-Bt crops and promotion of biocontrol services (2-5, 8, 10, 12, 26, 28) . Our findings of reduced need for insecticidal treatments to control O. nubilalis in Mid-Atlantic vegetables are consistent with those of other vegetable crop studies (34, 35) . However, the decline in recommended insecticide sprays reported here represents the potential benefit from Bt field corn adoption that may not translate into actual reduced insecticide applications. The recommendations based on O. nubilalis activity in blacklight traps are broad, conservative guidelines for growers who make their own choices and may prophylactically apply insecticides to prevent damage. This is particularly relevant for peppers and green beans for processing that have very low thresholds for damage and high risk of contamination (16) .
While the threat of O. nubilalis as a pest is diminished, insecticides are applied in Mid-Atlantic vegetable crops to control other pests such as potato leafhoppers [Empoasca fabae (Harris)], Mexican bean beetles (Epilachna varivestis Mulsant), and other secondary pests. For instance, the increased use of neonicotinoid insecticides applied as seed treatments and foliar sprays in vegetable crops paralleled the adoption of Bt corn. However, these systemic insecticides are labeled mainly for beetle and sucking insect pests and are not effective against lepidopteran larvae. Similarly, the decline in total insecticides applied in New Jersey peppers and sweet corn, as reported by farmers, was also associated with substitution of low use-rate insecticides, namely, pyrethroids and spinosyns, for high-use-rate insecticides such as organophosphates and carbamates (36) . Nevertheless, our results indicate that a significant proportion of the decreased insecticide usage in Mid-Atlantic vegetable crops could be attributed to the regional pest suppression associated with widespread Bt field corn adoption. Regional pest suppression associated with Bt corn adoption may provide substantial economic benefits to vegetable growers. While not quantified here, potential economic benefits include reduced control costs and fewer losses due to contamination at harvest. Particularly for vegetable processing, with a low threshold of infestation tolerated (peppers and green beans) (16), the damage reduction implies less contamination and rejection and greater economic value. Organic growers may also benefit from reduced damages due to the suppression of O. nubilalis and H. zea populations. Indirect benefits include the reduction in pathogens associated with O. nubilalis infestation and damage (37, 38) . Regional suppression and the resultant reduced insecticide usage to control O. nubilalis in peppers and beans may also promote biocontrol services through an increase in natural enemy populations Particularly, producers of these vegetables for processing in the North-Central portion of United States (Michigan, Wisconsin, Minnesota, and Ohio) (39) may benefit economically. Our results underscore the need to account for offsite economic benefits of pest suppression, in addition to the direct economic benefits of Bt crops (4, 40) . Overall, our study provides a comprehensive, long-term, and regional-scale documentation of the benefits of transgenic crops. The sustainability of Bt corn in the Mid-Atlantic region and elsewhere, and the associated economic and environmental benefits, is threatened due to the resistance development in H. zea to multiple Cry proteins and rise of insect resistance in general (1, 7) . While area-wide Bt adoption benefits vegetable growers, these non-Bt vegetable crops in the agricultural landscape are alternate hosts of O. nubiliblis and H. zea that act as unstructured refuges for Bt resistance management. Utilizing the pyramided combination of Cry1Ab and Vip3A that provides H. zea control (7) and strictly adhering to insect-resistance management plans (e.g., non-Bt refuges) to maintain susceptible populations of O. nubilalis and H. zea may enable continued use of Bt technology as a pest-management tool. Considering Bt technology as another tool in the pest-management toolbox and incorporating insect-resistance management plans into broader integrated pest management strategies (biological control, crop rotation, etc.) could help sustain the Bt technology.
Materials and Methods
Moth Flight Activity. Moth activity data were collected from trap-monitoring networks operated as part of extension integrated pest-management programs across three states in the Mid-Atlantic region of the United States-Delaware, Maryland, and New Jersey (SI Appendix, Fig. S1) To calculate how often treatment thresholds were triggered on each vegetable crop, the time series data of daily moth captures were converted to running 5-d totals within years of each CRD. For each vegetable crop, a tally of days exceeding each threshold level was calculated over the seasonal treatment window and then divided by the total number of days to estimate the probability of O. nubilalis moth activity exceeding the threshold for each insecticide treatment schedule. These probabilities were then multiplied by the maximum number of possible applications during the crop treatment window. The summation of these products estimated the average number of applications recommended on each vegetable crop during the entire growing season. For example, the equation for calculating the mean number of insecticide applications recommended on green beans is as follows: S = ðPo × 0Þ + ðP 7 × 3Þ + ðP 6 × 3.5Þ + ðP 5 × 4.2Þ + ðP 4 × 5.25Þ + ðP 3 × 7Þ, where S is the mean total number of recommended sprays per crop cycle, P o is the probability of no control required, P 7 is the probability of a recommended 7-d treatment schedule, P 6 is the probability of a recommended 6-d treatment schedule, and so on. Numbers in parentheses represent the maximum number of possible applications during the crop treatment window. The same calculations were performed for peppers and sweet corn, but with different probability terms and maximum number of possible applications depending upon the crop treatment window. 
